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Regulation of Protein Degradation by Proteasomes 
in Cancer

Review
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Imbalance of protein homeostasis (proteostasis) is known to cause cellular malfunction, cell death, and diseases. Elaborate regulation 
of protein synthesis and degradation is one of the important processes in maintaining normal cellular functions. Protein degradation 
pathways in eukaryotes are largely divided into proteasome-mediated degradation and lysosome-mediated degradation. Proteasome is 
a multisubunit complex that selectively degrades 80% to 90% of cellular proteins. Proteasome-mediated degradation can be divided 
into 26S proteasome (20S proteasome ＋ 19S regulatory particle) and free 20S proteasome degradation. In 1980, it was discovered 
that during ubiquitination process, wherein ubiquitin binds to a substrate protein in an ATP-dependent manner, ubiquitin acts as a 
degrading signal to degrade the substrate protein via proteasome. Conversely, 20S proteasome degrades the substrate protein without 
using ATP or ubiquitin because it recognizes the oxidized and structurally modified hydrophobic patch of the substrate protein. To date, 
most studies have focused on protein degradation via 26S proteasome. This review describes the 26S/20S proteasomal pathway of protein 
degradation and discusses the potential of proteasome as therapeutic targets for cancer treatment as well as against diseases caused 
by abnormalities in the proteolytic system.
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INTRODUCTION

Protein quality control refers to the regulation of intracellular 

misfolded proteins that are produced through refolding, 

degradation, or aggregation because of various stress conditions.1 

Adequate balance between normal protein synthesis and 

abnormal protein degradation is essential to maintain cellular 

proteostasis and ensure normal cellular functions.2 Various stress 

factors, such as diseases, aging, and UV exposure, increase the 

misfolding and mutation of proteins.3,4 This misfolded protein is 

refolded through holdase and foldase activity of the chaperone 

protein to ensure its normal function as a native protein.4,5 

However, when misfolded proteins are accumulated beyond 

repair, they may not only cause cytotoxicity but also lead to 

abnormal cellular status. Therefore, rapid degradation of these 

proteins via protein degradation pathways is essential.6

The regulatory systems for intracellular protein degradation 

can be largely divided into the ubiquitin (Ub)–proteasome system 

and autophagy–lysosome system.7 Proteasome is a highly 

conserved multicatalytic protease found in eukaryotes (from 

yeast to human) and present in both nucleus and cytoplasm. It is 

a multisubunit complex that cleaves and selectively degrades the 

peptide bonds of abnormal or short-lived protein.8 According to 

the presence of Ub/ATP, proteasome may be classified into 26S 

proteasome and 20S proteasome.9 p53, a tumor suppressor called 

“guardian of the genome”, is a labile protein and is known to be 

a typical substrate protein that is degraded via two types of 

proteasomes.10 When ubiquitination occurs in p53 through E3 Ub 

ligase MDM2, 26S proteasome recognizes Ub to initiate degradation. 

p53 degradation through 20S proteasome occurs by default.11 In 
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normal cells, p53 is rapidly degraded via 26S proteasome and 20S 

proteasome, thereby maintaining low expression. However, p53 

is mostly mutated in various cancer cells, such as lung cancer, 

colon cancer, breast cancer, and liver cancer.12 Because mutant 

p53 does not form MDM2-p53 feedback loop by inhibiting 

MDM2-dependent ubiquitination or inhibiting the transcriptional 

activity of MDM2, it exhibits high expression status by interfering 

with proteasome-mediated degradation of p53.13,14 Mutant p53 

eventually induces migration, proliferation, and drug-resistant of 

cancer cells through the gain of oncogenic functions.12

In addition, many proteins, such as p27, NF-B or TGF-
receptor, are degraded through proteasomes similar to p53 and 

are known to regulate tumorigenesis in a variety of cancers. In 

breast cancer, the degradation of p27 by Ub-proteasome pathway 

promotes the proliferation and migration of cancer cells by 

regulating the G1/S transition via activation of cyclin E/Cdk2.15-17 

Proteasomal degradation of IB, which inhibits NF-B, activates 

NF-B, thereby increasing the proliferation and drug resistance of 

cancer cells in multiple myeloma (MM). Bortezomib, a 

proteasome inhibitor (PI), inhibits growth and increases 

apoptosis of MM by inactivating NF-B through inhibition of IB 

degradation.18,19 The E3 Ub ligase Smurf1, which is known to 

inhibit cell growth and migration of lung cancer, suppresses 

TGF- signaling through Smad7-dependent TGF-RI 

ubiquitination.20,21

There are several previous as well as ongoing studies on 

proteasome-mediated degradation pathway from the discovery 

of Ub-proteasome degradation in late-1970 to the awarding of 

Nobel Prize in Chemistry for the discovery of Ub-dependent 

protein degradation in 2004. This review discusses the types of 

protein degradation systems, the types and functions of 

proteasomes, and the importance of regulation of protein 

degradation in cancer.

PROTEIN DEGRADATION SYSTEM: 
LYSOSOME VERSUS PROTEASOME

1. Lysosome

Lysosome mediates autophagy-lysosomal degradation via 

acidic hydrolase that degrades intra- and intercellular cytoplasmic 

material or organelles. Autophagy (self-eating, generally referred 

to as macroautophagy) is evolutionarily conserved in eukaryotes 

to deliver extra-/intracellular protein (which should be 

sequentially degraded) or cell organelle to lysosome.22 Unlike 

Ub-proteasome degradation, the cellular components and 

organelle transported through autophagy are randomly degraded 

upon binding to lysosomes. Autophagy is largely divided into the 

following types: 1) macroautophagy, 2) microautophagy, and 3) 

chaperone-mediated autophagy (CMA).23 Firstly, macroautophagy 

involves the formation of double-membraned autophagosome 

(AP) that covers cytosolic components and transports it to 

lysosome to degrade components. Among the three types of 

autophagy processes, only macroautophagy forms AP to degrade 

intracellular matter.24 Eighteen of the 31 autophagy-related (ATG) 

proteins (ATG1-10, ATG12-14, ATG16-18, ATG29, and ATG31) are 

proteins involved in AP formation, generally through vesicle 

nucleation, elongation, AP maturation, lysosome fusion, and 

degradation in a sequential manner.25-27 Secondly, microautophagy 

is directly decomposed into lysosome through the invagination of 

cytosolic components by the lysosome.28 Thirdly, as for CMA, the 

proteins damaged by oxidative stress exposes KFERQ motif; 

HSC70, the chaperone protein, recognizes this motif and 

transports it to lysosome for degradation.29 Resultantly, 

autophagy-lysosome protein degradation is a non-selective 

protein degradation process, whereas Ub-proteasome protein 

degradation involves selective protein degradation.30

2. Proteasome

Proteasome present in both nucleus and cytoplasm degrades 

80%-90% of intracellular proteins.31 26S proteasome (approximately 

2,000 kDa) is a major proteasome, consisting of 20S proteasome 

core particle (approximately 700 kDa) with peptidase activity and 

two 19S regulatory particles (RP, PA700; approximately 900 kDa) 

(Fig. 1).32,33 Two groups of 7 -subunits (1-7) and two groups of 

7 -subunits (1-7) at the outer of 20S proteasome form a 

cylindrical structure. The -subunit acts as a gate to 20S 

proteasome, and -subunit has three peptidase activities, 

namely, caspase-like (1, acidic amino acids), trypsin-like (2, 

basic amino acids), and chymotrypsin-like (5, hydrophobic 

amino acids) activities, to directly degrade proteins.9,34,35 19S RP 

comprises a lid (nine Rpn3, 5-9, 11, 12, and 15) and base (four Rpn 

1, 2, 10, 13, and six Rpt 1-6). Ub binds to damaged protein, and 

recognizes Rpn1, 10 and 13 as the Ub binding site of proteasome 

to bind with proteasome (recruitment). The recognized damaged 

protein is unfolded by Rpt 1-6, the heterohexameric AAA-ATPase. 

When the -subunit gate of 20S proteasome is opened by Rpt2, 3, 

and 5, the damaged protein is translocated and degraded toward 

20S proteasome (commitment).31,36 Rpn 11 separates Ub from the 

damaged protein being degraded so that Ub can be reused (deubi-

qutination). Proteins are degraded into 3-25 peptides through 20S 

proteasome, and finally degraded into amino acids by peptidase 

to be reused where needed.
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Figure 1. Schematic diagram of proteasome structure and ubiquitination process. The 26S proteasome is a complex of multiple subunits consist-
ing of 20S proteasomes (two -subunits and two -subunits) and two 19S regulatory particles (RP). Seven a-subunits act as a gate to 20S
proteasome, and three subunits (1, 2, and 5) of the seven -subunits have protease activity to degrade substrate proteins. Rpn1, 10, and 
13 in the lid region recognize and bind with ubiquitin bound to substrate protein, resulting in unfolding and translocation of substrate protein
by Rpt1-6 with ATPase activity. Rpt2, 3, and 5 open 20S proteasome gates to allow the degradation of substrate protein via 20S proteasome.

PROTEASOME DIVERSITY
1. Hybrid proteasome

The 20S proteasome is known as the proteolytic machinery 

involved in the degradation of oxidized protein by oxidative 

stress (free 20S “core” proteasome, to be discussed later). Because 

there are two -subunits in 20S proteasome, two RP can bind to 

them. In addition to 19S RP, other 20S proteasome regulators are 

11S (called PA28 or REG) and PA200 (Blm10 in yeast).37 Depending 

on the type of the RP that binds, it can form a variety of hybrid 

proteasomes (i.e., 19S-20S-11S or 19S-20S-PA200) different from 

26S or 20S. Through this, it intervenes in not only protein 

degradation but also immune response and DNA repair.38,39

2. Immunoproteasome

When there is a viral, bacterial, or fungal infection, host cells 

secrete interferon, a type of cytokine. Interferon acts as an “alarm 

signal” to protect surrounding cells; in particular, IFN- 
substitutes three -subunits (1, 2, and 5) that have peptidase 

activities of 20S proteasome with 1i, 2i, and 5i, respectively. 

The substituted 20S proteasome binds with two 11S RP (PA28), 

referred to as immunoproteasome (11S-20S-11S), which degrades 

antigen present inside the cell into antigenic peptides. The 

degraded peptide binds with major histocompatibility complex 

(MHC) class I via endoplasmic reticulum and Golgi, and is 

presented on the cell surface. The T cell receptor of CD8＋ 

cytotoxic T cells recognizes the peptide bound to MHC class I and 

initiates an immune response.40,41

26S PROTEASOME PATHWAY 
(UBIQUITIN/ATP-DEPENDENT)

1. Ubiquitin-proteasome system

If proteasome degrades all proteins, along with damaged 

proteins, without discrimination, it will cause another problem 

in the cells. To resolve such issues, Ub (8.5kDa), a type of small 

and highly conserved protein composed 76 amino acids, is 

expressed in eukaryotes.42 Glycine 76 present in carboxyl 

terminal of Ub binds with the lysine residue of substrate proteins 

through isopeptide bond, a type of covalent bond.43 Ub bound to 

the substrate protein also attaches one or multiple Ub with 

methionine (Met, M), the first residue of Ub, or seven lysine 

residues (Lysine, K / K6, K11, K27, K29, K33, K48, or K63) of Ub.42 

Eventually, it forms mono-, multi-, or poly-Ub chains (also known 

as ubiquitination or ubiquitylation). Furthermore, it has been 

recently reported to cause heterogeneous polyubiquitination 

(single-branch or multiple-branch chain), linear polyubiquitination; 

ubiquitination occurs in the residues of serine (Ser, S), cysteine 

(Cys, C), or threonine (Thr, T).44 Depending on the Lys residue of 

Ub involved in ubiquitination, it is known to mediate various 

functions (such as DNA repair, NF-B activation, and gene 

expression). Among them, ubiquitination through Lys 48 of Ub is 

known to be essential for protein degradation process.45 Finally, 

Ub selectively binds to damaged proteins, thereby acting as a 
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Figure 2. Cross-talk between 26S 
and 20S proteasome under oxidative 
stress. The 26S proteasome degrades 
not only abnormally folded or dam-
aged proteins but also fully folded 
proteins through ubiquitination. 
Under oxidative stress, however, the 
19S regulatory particle that con-
stitutes the 26S proteasome is dis-
sociated from the 20S proteasome. 
The dissociated 20S proteasome me-
diates oxidized protein degradation. 
19S regulatory particle is held by 
chaperone HSP70, and over time it 
binds to the 20S proteasome and is 
reassembled into 26S proteasome. 
Ub, ubiquitin.

degrading signal for 26S proteasome to degrade substrate protein.

2. Ubiquitination

Ubiquitination is a sequential ATP-dependent process mediated 

by three enzymes (E1-E3) as post-translational modification 

occurring in eukaryotic cells.46 When Ub is activated by ATP, the 

C-terminal carboxyl group of Ub binds to Cys residue of E1 

enzyme (Ub-activating enzyme, 2). Activated Ub that binds to E1 

is transferred to the E2 enzyme (Ub-conjugating enzymes, 

approximately 40 in number). The Ub attached to E2 binds with 

E3 enzyme (Ub ligase enzyme, approximately 600), which in turn 

binds with abnormal or unnecessary substrate protein to 

eventually transport Ub to damaged protein. Particularly, E3 has 

specificity for substrate proteins.46 Recently, a new ubiquitination 

enzyme, E4, has been reported to be involved in the 

ubiquitination of proteins as an Ub chain assembly factor. p300 is 

involved in p53 polyubiquitination as E4 enzyme, and Ube4b, 

another E4 enzyme, is known to be involved in p53 degradation 

by increasing the ubiquitination chain of p53 through MDM2.47,48 

Finally, ubiquitinated proteins are degraded through 26S 

proteasome.

It has been previously reported that only one E1 exists in cells 

as UBE1 (Ub-activating enzyme E1). In 2007, another E1 enzyme, 

UBE1L2 (Ub-activating enzyme E1-like 2, also known UBA6), was 

discovered; thus, it is currently known that two E1 enzymes exist. 

When comparing the specificity of transferring Ub to E2 using two 

E1 enzymes (UBE1 and UBA6), the two E1 enzymes showed the 

same efficiency, but the specificity of E2 was different.49

E3 may be divided into two types: a type with Really 

Interesting New Gene (RING) finger domain and another type 

with Homologous to the E6-AP Carboxyl Terminus (HECT) 

domain. The RING type serves as a bridge between E2 attached 

with Ub and substrate proteins and increase the activity of E2. 

Finally, Ub bound to E2 directly binds with substrate protein, 

allowing the substrates to degrade through proteasome. Unlike 

the RING type, the HECT type binds to Ub attached to E2 and 

forms thioester intermediate with Cys residue of E3. 

Subsequently, E3 ensures that Ub is directly bound to the 

substrate protein to be degraded.50 E3 protein expression is low 

because it self-degrades through auto-ubiquitination.51,52 p53 is a 

well-known substrate protein that is degraded through the 26S 

proteasome, which is ubiquitinated by the RING type E3 Ub 

ligase, MDM2, and degraded through the 26S proteasome.53

20S PROTEASOME PATHWAY 
(UBIQUITIN/ATP-INDEPENDENT)

1. Changes in the protein degradation system by 
oxidative stress

At low concentration, reactive oxygen species (ROS) acts as 

signaling molecule in cells to mediate cell proliferation, enzyme 

activation, protein synthesis, immune system, or differentiation.54 
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Figure 3. Regulation of protein degradation in cancer. p53 (A) -catenin (B) and NF-B (C) play an important role in regulating signal trans-
duction pathways through proteasome-mediated protein degradation of itself or its interacting partners in cancer. LRP, lipoprotein receptor 
related protein.

However, at high concentration, ROS oxidizes proteins and 

causes cytotoxicity by increasing intracellular oxidative stress. To 

overcome oxidative stress, cells eliminate ROS using antioxidant 

enzymes, such as peroxiredoxins, catalase, and glutathione 

peroxidase, which are the primary defensive system. However, 

when such stress is excessive, it causes dysfunction of 

antioxidant enzyme, resulting in oxidation and structural 

changes of normal proteins.54 In addition, under oxidative stress, 

the adapter protein extracellular mutant 29 (Ecm29) of 26S 

proteasome separates 26S proteasome into 20S proteasome and 

19S RP, thereby inhibiting 26S proteasome activity as well as 

protein degradation through ubiquitination. Finally, oxidized 

proteins are accumulated in the cell without being normally 

degraded.55

2. Degradation of oxidized protein

Previous studies have shown that free 20S proteasome is more 

effective in eliminating oxidized substrate protein caused by ROS 

than 26S proteasome.56 The 19S RP separated from 20S proteasome 

by oxidative stress is held in the chaperone HSC70 and can be 

assembled into 26S proteasome by binding with 20S proteasome 

again after approximately 3 to 5 hours (Fig. 2).57 Oxidized protein 

degradation through 20S proteasome is a Ub/ATP-independent 

degradation process that does not involve ATP and Ub, because 

there is no bound 19S RP.58 Unlike 26S proteasome that recognizes 

Ub, 20S proteasome recognizes the hydrophobic region of the 

protein whose structure has changed by oxidative stress as the 

degrading signal and degrades the oxidized protein.37

REGULATION OF PROTEIN 
DEGRADATION IN CANCER

 If an abnormality occurs in the regulation of protein 

degradation, normal proteins will be degraded and/or abnormal 

proteins will not be degraded, resulting in proteasome-related 

diseases, such as neurodegenerative diseases, cardiac dysfunction, 

and cancer.59-61 Some examples of the regulations of degradation 

of key proteins that are associated with cancer are given below 

(Fig. 3).
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Table 1. Properties of proteasome inhibitors 

Name Target Type Route Disease Phase Ref. No.

Bortezomib 5 ＞ 1 Reversible IV, SQ MM Approved 74, 75, 77
Carfilzomib 5 Irreversible IV MM Approved 74, 75, 77
Ixazomib 5 ＞ 1 Reversible Oral, IV MM Approved 74, 75, 76, 77
Marizomib 5 ＞ 2 ＞ 1 Irreversible Oral, IV MM, leukemia Not approved 74, 75, 77
Delanzomib 5 ＞ 1 Reversible Oral, IV MM, solid tumors Not approved 74, 75, 77
Oprozomib 5 Irreversible Oral MM, solid tumors Not approved 74, 75, 77

IV, intravenous; SQ, subcutaneous; MM, multiple myeloma.

1. p53

The tumor suppressor protein p53, called the “guardian of the 

genome” in 1980, regulates cell cycle arrest, DNA repair, 

angiogenesis, and apoptosis.62 p53 increases the expression of E3 

Ub ligase MDM2, and MDM2 maintains the autoregulatory 

feedback loop that ubiquitinates p53.63 Consequently, p53 exists 

in low levels in the cell after being degraded via 26S proteasome 

(Fig. 3A). However, it is known that about 50% to 70% of p53 is 

mutated in cancer cells.64 As a result, the binding between MDM2 

and p53 is reduced, and the mutated p53 cannot be degraded 

through 26S proteasome, resulting in a high level of the mutant 

p53 protein. Thus, the cell cycle of the cancer cells continues, and 

chemoresistance appears to promote tumor progression and 

metastasis.12

2. -catenin

In the absence of Wnt, -catenin binds with Axin complex 

(Axin; scaffolding protein, APC; tumor suppressor, CK1; casein 

kinase 1 and GSK3; glycogen synthase kinase 3), a type of 

destruction complex, and is constantly phosphorylated by CK1 

and GSK3. Phosphorylated -catenin is ubiquitinated by -Trcp, 

the E3 Ub ligase, and degraded via proteasome. Conversely, in the 

presence of Wnt, the Fz (Frizzled) family receptor forms receptor 

complex with low-density lipoprotein receptor related protein 

5/6 (LRP5/6) and recruits Dvl, which inhibits the activity of Axin 

complex through LRP5/6 phosphorylation and Axin recruitment. 

Next, -catenin cannot be degraded; it goes into the nucleus, 

binds with the transcription factor, and mediates cell migration 

and survival (Fig. 3B).65,66 Axin degrades APC through the 

Ub-proteasomal degradation pathway. In some colon cancer cells, 

the role of Axin as a tumor suppressor disappears and is known to 

play a role as oncogene because APC is absent or truncated.67,68

3. NF-B

The NF-B, composed of five families of transcription factors 

(p50, p52, p65/RelA, c-Rel, and RelB) plays an important role in cell 

growth, inflammation, immunity, and apoptosis.69,70 NF-B binds 

with IB and exists in the cytoplasm in a stable form. However, 

when the N-terminal serine residues of IB are phosphorylated 

by IB kinase, the NF-B-IB binding is dissociated, and IB is 

ubiquitinated.71 Finally, IB is degraded through 26S proteasome, 

and NF-B separated from IB is translocated to the nucleus and 

increases the expression of anti-apoptotic gene to increase 

angiogenesis, cell invasion, oncogenesis, and proliferation of 

cancer cells, or increase the transcription of the genes that 

mediate pro-inflammatory response to secrete cytokines for 

regulating inflammation-associated cancer (Fig. 3C).72 In the 

absence of stimulation, NF-B in the nucleus activates the 

transcription of NFKBIA gene encoding IB and is regulated 

through NF-B/IB negative feedback loop.73

PROTEASOME INHIBITORS AS 
CANCER TREATMENT TARGET

Because proteasome is a multisubunit multicatalytic proteinase 

complex that degrades many proteins in the cells, several studies 

in the past two decades have been conducted on the inhibitors 

that target proteasome. PI inhibit proteasome activity by 

reversibly or irreversibly binding to the catalytic threonine 

residue of 5 (chymotrypsin-like) or 1 (caspase-like) subunit 

with 20S proteasome activity to prevent substrate protein 

degradation, thus indicating a potential for anti-cancer drugs 

(Table 1).74 For example, PI stabilize IB to prevent dissociation of 

NF-B and IB and the translocation of NF-B into the nucleus, 

thereby reducing cancer cell proliferation and increasing 

apoptosis. Moreover, PI inhibit p21 and p27 degradation, thereby 

increasing the expressions of the two proteins; leading to cell 

cycle arrest or apoptosis; and increasing the expression of 

pro-apoptotic factors p53, Bax, and NOXA, which results in DNA 

repair or apoptosis of cancer cells. Finally, PI reportedly activates 

JNK through phosphorylation to increase apoptosis of cancer 
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cells.74

To date, three PIs have been approved by the USA Food and 

Drug Administration (FDA) for use in clinical cancer therapy. 

Bortezomib (intravenous or subcutaneous injections), a first- 

generation PI, is a reversible drug that binds to 5 and 1 

(proteasome dissociation half-life: 110 minutes). First approved 

by the FDA in 2003, it is used in patients with newly diagnosed 

MM, relapsed/refractory MM (RRMM), mantle cell lymphoma, 

and advanced solid tumors. The second-generation PI carfilzomib 

(intravenous injections) was approved by the FDA in 2012; it 

irreversibly binds with 5 of 20S proteasome. It is used to treat 

RRMM. Finally, ixazomib (oral administration) is a reversible PI 

(proteasome dissociation half-life: 8 minutes), approved by the 

FDA as the first approved drug for oral administration in 2015. 

Ixazomib is also used for RRMM owing to its high absorptiveness 

and long terminal phase half-life (9.5 days).75,76 However, 

bortezomib is known to cause general side effects, such as nausea, 

fatigue, diarrhea, and rashes, as well as severe dose-limiting 

toxicity, such as peripheral neuropathy. In addition, it is known 

to activate mitochondrial apoptosis pathway.77,78 Carfilzomib is 

more effective than bortezomib; however, 18% of patients with 

MM treated with this drug demonstrated cardiovascular adverse 

events, such as arrhythmia, hypertension, and heart attacks.79 

Currently, PI has various side effects and cytotoxicity, which 

limits its use in treatments.

CONCLUSION

Stress cause from various factors not only impairs protein 

degradation mechanism but also causes protein damages, 

modification, and misfolded protein accumulation, which 

eventually accumulate as intracellular inclusion bodies in the 

cells. Malfunctioning proteins ultimately lead to cancer, 

neurological disorders, and viral infection, etc. therefore, it is 

important to degrade abnormal proteins as quickly as possible for 

the cells to survive. Proteasome, one of the regulatory systems for 

intracellular protein degradation, is directly involved in the 

regulation of protein degradation, and more studies should be 

conducted on this in the future. Starting from bortezomib, which 

was first approved in 2003 by the FDA as the therapeutic PI, many 

inhibitors have been studied and approved; however, the major 

problem is that they exhibit various side effects because they 

directly inhibit the activity of the proteasome. Several studies are 

ongoing to resolve this issue.

Proteasome is generated and assembled with subunits of RP by 

transcription factors nuclear respiratory factors 1/2 (Nrf1/2) and 

Rpn4.80 The threonine residue at the N-terminal of proteasome 

-subunit acts as a nucleophile to attack the substrate, forming 

the acyl-enzyme intermediate and hydrolyzing the substrate 

protein.81 Consequently, substrate protein is cleaved into two 

products (peptides), and the sequential reaction degrades substrate 

proteins into peptides. When Ub binds to the terminated 

proteasome, p62 binds to form AP, which gets degraded via 

lysosome. In this review, the proteasome pathway has been 

discussed separately from the lysosome pathway; however, the 

two pathways are mutually supplementary because inhibition of 

proteasome activity leads to lysosome positioning in the 

aggresome, resulting in cross-talk that promotes protein 

degradation.

Ub-dependent degradation through 26S proteasome is 

commonly known, but it is not always the case. Ornithine 

decarboxylase is known to be Ub-independent/26S proteasome- 

dependent degradation with antizyme as the mediator. Recently, 

it has been reported that 26S proteasome recognizes an adaptor 

protein having a UBA or UBL domain linked to Ub instead of 

directly recognizing the Ub chain, resulting in 26S proteasome- 

dependent degradation.58,82 p53 is regulated by both 

Ub/ATP-dependent or Ub/ATP-independent degradation processes. 

The 20S proteasome-mediated degradation of p21 is promoted by 

regulators such as PCNA or 14-3-3.53,83,84 In conclusion, it is 

expected that new therapeutic targets will be developed through 

a variety of studies of regulatory factors for many other substrate 

proteins that undergo proteasome-mediated degradation in 

cancer.
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